Evidence from computerized tomography (CT) suggests that schizophrenic patients may have smaller brains than normal subjects. Magnetic resonance imaging (MRI), which produces more clearly defined images than CT, was used to measure Tl and brain size of 24 schizophrenic and 24 normal subjects matched for age and sex but not for education. Two transverse images were obtained: slice 1 at the foramina of Monro and slice 2 at the widest part of the lateral ventricles. Adequate Tl instrumental reliability could not be demonstrated. Schizophrenic subjects had smaller right hemispheres (slice 1) and smaller frontal areas (slice 2) than normal subjects. However, when education was taken into account, only the left frontal area (slice 2) was smaller in schizophrenic than in normal subjects. Larger brain areas were associated with better cognitive test scores and fewer neurological signs. Cranial and body size were similar in both diagnostic groups.
During the last decade since the advent of computerized tomography (CT) in 1973 (Hounsfield 1973) , many reports have appeared concerning the neuroanatomy of the brain in schizophrenic patients as portrayed by CT brain images. While the incidence of any neuroanatomic irregularity varied widely from study to study, the great numbers of such reports are impressive (Nasrallah and Coffman 1985) . Observed abnormalities include ventricular enlargement, sulcal widening, cerebellar atrophy, abnormal cerebral asymmetries, and differences in brain tissue density. Many of the CT results imply that schizophrenic patients may have lesser amounts of brain tissue than normal individuals of similar chronological age.
Nevertheless, CT has some important limitations for determining the incidence of brain disorder in schizophrenic patients. White and gray matter cannot be clearly differentiated, and some brain areas are obscured by bone artifact. The anatomical variations described have so far been relatively subtle, and it is likely that other potential differences may be so small that they will need more sensitive methods than CT to be detected. Moreover, every measurement in schizophrenic subjects must be compared with a similarly obtained measurement from closely matched normal control subjects bec?
-i se anatomical variations in normal subjects have not been studied in detail. The hazard from ionizing radiation in CT images puts a constraint on such studies.
Differences in anatomy and brain function in schizophrenic patients also have been revealed by other brain imaging techniques such as computerized topographic mapping of electrophysiologic data: e.g., brain electrical activity mapping (BEAM) (Morihisa 1985) , cerebral blood flow imaging (Mathew 1985) , and positron emission tomography (PET) (Gur 1985) . Each has a different combination of strengths and liabilities. PET scanning is available to only a few investigators because of its great expense. A technique that promises to 22 SCHIZOPHRENIA BULLETIN rival or even largely supplant CT in brain imaging is magnetic resonance imaging (MRI) (DeMyer et al. 1985) . In comparison to CT, MR images are of better quality and delineate tissue differences so clearly that many neuroanatomical structures can be distinguished easily without interference from bone artifact and thus more reliably measured. Furthermore, MRI permits imaging in any desired plane, and can potentially provide several indices of biochemical and physiological activity without recourse to invasive techniques.
Thousands of patients have been imaged with no reports of medical complications. MRI is safer than CT because it does not depend on ionizing radiation or injected contrast media. Instead it uses the detection of energy transferred between nuclei and the surrounding tissue (lattice) induced by a combination of strong magnetic fields and pulses of radiofrequency energy (RF) to create an image. (See Appendix I.)
Major Goals and Predictions of Study
The main goal of the study reported in this communication was to determine if schizophrenic patients could be differentiated from normal controls on the basis of Tl values (see Appendix I) taken from the same areas (namely, the posterior-frontal and parietal areas as well as additional brain areas) in which differences of CT attenuation values were found in a previously reported study (DeMyer et al. 1984) . A secondary goal was to determine if the schizophrenic and normal groups could be differentiated on the basis of size of the brain and the skull after accounting for other factors such as any group differences in body size (which are known to affect skull size). The third goal was to determine if there is a relationship between the various MRI measurements and performance on neuropsychological tests and findings from the neurological examination. Predictions were made that schizophrenic subjects should have smaller sized brain areas than normal subjects. No predictions could be made about the direction of Tl differences because no previous calculated Tl studies had been reported on schizophrenic patients, and there is no known relationship between Tl and CT attenuation values. (see table  1 for a summary). Subjects accepted for the study were 25 schizophrenic patients (mean age 28.7 years, SD 6.6 years) and 25 Table 1 . Description of subjects normal subjects (mean age 28.5 years, SD 6.7 years) with 12 males and 13 females in each group. Schizophrenic subjects were recruited from inpatient and outpatient services of Carter Hospital and Indiana University Medical Center, and all were judged capable of understanding the nature of the study and signing a voluntary agreement. Normal subjects were recruited by written notice and word-of-mouth from students and employees of the medical center and from various community groups. They were matched to the schizophrenic patients by age, sex, race, and time of entry into the study but not for education.
Methods

Description of Subjects
After agreeing to participate, each subject was interviewed by the research nurse using the Schedule for Affective Disorders and Schizophrenia, Lifetime Version (SADS-L) (Endicott and Spitzer 1978) . Also all available chart data and a description by (American Psychiatric Association 1980 ) and the control subjects did not meet the criteria for any mental illness, they were continued in the study. Subdiagnosric categories included chronic or subchronic paranoid (n = 21), chronic undifferentiated (n = 3), and residual paranoid (n = 1). One patient and one normal control of the same age and sex completed all parts of the protocol except for the MRJ. Some MRI data are missing frorr three schizophrenic and two normal subjects due to artifact or loss of data from the master tape. Numbers of subjects for each analysis are reported in the tables.
All subjects were free of chronic physical disease, had no history of focal neurological problems or of head injury followed by unconsciousness, and were judged capable of remaining still for at least 1 hour in the MRI instrument. This constraint meant that all schizophrenic patients were in at least partial remission from their most disabling symptoms. Nevertheless, all patients had signs of active schizophrenia at the rime of imaging. No subject had a history of serious substance abuse. While all schizophrenic patients were taking neurolepric medication, no normal subject took such medication either currently or in the past.
Imaging Procedures. A Teslacon™ 0.15 Tesla scanner (Technicare Corp., Solon, OH) was used to obtain Tl calculated images by a combined spin echo (SE)/inversion recovery (IR) pulse sequence (Technicare 1983a (Technicare , 1983b ). This package calculates the Tl for each pixel of the image based on a two-point fit to the Tl decay curve. Time to the echo (TE) was 30 ms, time to repeat (TR) was 1,250 ms, and the inversion time (Tl) was 400 ms. Slice thickness was 1 cm; matrix size was 128 x 256. Pilot scans were used to locate two levels; namely, the level of the foramina of Monro (slice 1; see figure 1 ) and the level of the widest part of the lateral ventricles (slice 2; see figure 2).
Tl Values. Observed Tl values were averaged by the MRI computer from the caudate nucleus, thalamus, and gray and white matter from the frontal, posterior-frontal, posterior-frontal/ anterior-parietal, and occipital areas bilaterally. The computerderived averages could not be reproduced on the same images by the same or a different observer even when the brain area chosen for remeasurement was the same as in the first measurement. Standard deviation of the values overall was about 20 to 30 percent.
We established that Tl for gray matter was between 400 and 600 ms and that for white matter Tl was between 300 and 400 ms. Within these ranges, however, the readings could vary 50 or 75 ms, for example, even though the cursor might be moved only 1 or 2 mm away from an original setting.
Planimeter Measurements. Each hemisphere and each frontal area was outlined in ink with a .3 mm penpoint by M.K.D. on film copies of the MR images of slices 1 and 2, and checked for neuroanatomic accuracy by W.E.D. The hemispheric areas were outlined around the periphery of the brain following the indentations of large sulci and fissures, ignoring those of small sulci and fissures, and continuing through the sagittal plane between the hemispheres. The ventricles were included in the areas measured.
The frontal area for slice 1 was defined as that area bounded by the posterior edge of the genu of the corpus callosum, the anterior tip of the frontal horn of the lateral ventricle, and a line extending laterally from there to the nearest visible horizontal ramus of the Sylvian fissure and then extending anteriorly around the frontal pole of the cortex. On slice 2 generally no anterior ramus of the Sylvian fissure was visible; therefore, the line extending laterally from the anterior tip of the lateral ventricle was directed perpendicularly to the periphery of the cortex and around the frontal pole. (See figures 1 and 2 for the outlines.)
Using a Keuffel and Esser Compensating Polar Planimeter, a research assistant measured the areas encompassed by each of these lines a minimum of two times each. If the two measurements did not agree within 4 percent, then two more measurements were taken until agreement within 4 percent was reached. Measurement reliability was checked by other observers on 10 randomly chosen images and was consistently between .8 and .95. All observations were made without knowledge of the subject's identification.
Cranial and Body Size. Two methods of estimating cranial size were used, one by direct measurement of the subject's skull circumference and the other by planimeter measurement of the MR image. (1) The neurologist, as part of the scored neurological examination, measured the occipital-frontal circumference with a steel measuring tape positioned over the frontal bony protuberance and around the occiput to measure the widest part of the skull to the nearest millimeter. (2) A line was drawn with a pen over the marrow line of the diploic space on film copies of slices 1 and 2 and the areas within measured by planimeter. Body height and weight also were recorded, and a cranial/body size ratio was computed.
Neurological and Cognitive
Measurements. The neurologist examined each patient and each control for neurological signs. The examination was largely a standard one that would be given to most persons. (See Appendix II.) Those aspects of a standard examination that were more fully covered by portions of neuropsychological testing (such as stereognosis) were omitted from the neurological exam. Each abnormal finding was recorded on a form and assigned a score. For most items the score was "1." A few items that could be graded for severity were given a weighted score of "2." The scores were summed for a total neurological score.
Neuropsychological testing consisted of the Halstead-Reitan battery (Reitan and Davison 1974) including those subtests from which the brain impairment index is derived, namely the Category, Tactual Performance, Seashore Rhythm, and Tapping Illness Descriptors. Severity of illness was rated by the Brief Psychiatric Raring Scale (BPRS) (Overall and Gorham 1962) and the Global Assessment Scale (GAS) from the SADS-L. Positive and negative symptoms were assessed in schizophrenic patients only by the Scale for the Assessment of Positive Symptoms (SAPS) (Andreasen 1984) and the Scale for the Assessment of Negative Symptoms (SANS) (Andreasen 1983 ).
Other Validating Variables. These included the ventricular-brain ratio from CT scans, length of illness, onset of illness, and lifetime neuroleptic dosage, all in schizophrenic patients only.
Results
Tl Measurements. Because good reliability could not be established, data analyses will not be reported except to state that no Tl value was related significantly to any validating variable.
Brain and Cranial Area Measurements.
Right and left hemispheres (see table 2 ). One-tailed t tests revealed that schizophrenic patients in comparison to normal controls had a significantly smaller right hemispheric area (p = .046) and borderline smaller left hemispheric area (p = .0894) in slice 1 only. Slice 2 was not different. However, when the hemispheric areas of both slices were summed, the right and left hemispheric differences remained. The sums of the total two slices tended to differentiate the diagnostic groups (p = .063).
Paired t tests were used to determine whether the right and left hemispheres were significantly different in size within the two diagnostic groups (see table 2). The schizophrenic patients had significantly smaller right than left hemispheric areas in slice 1 only. Normal control subjects did not differ in right versus left hemispheric areas in either slice. (see  table 3 ). The frontal areas of schizophrenic patients were significantly smaller than those of the normal controls in slice 2 only. This difference was more marked on the left (p = .007) than on the right (p = .057). Summing of the two right frontal areas and the two left frontal areas gave similar results.
Right and left frontal areas
Within-group comparisons (paired f tests) revealed that the left frontal area was smaller than the right frontal area in both slices for the schizophrenic group. The right-left differences were similar for the normal group except that the result for slice 2 was borderline (p = .082) (see table 3 ).
There was much overlap between the schizophrenic patients and normal controls in both hemispheric and frontal area size as can be seen in figures 3 and 4. While males in both schizophrenic and normal groups had significantly greater brain-size means than females, both sexes contributed about equally to the diagnostic group size differences (data available from first author). Because diagnostic groups were mismatched for years of education and therefore by implication for intelligence quotient, the area-size data were subjected to the more stringent test of analysis of variance (ANOVA). A two-way ANOVA contrasting years of education with diagnostic group for each of the brain areas that differentiated the two diagnostic groups in / tests showed no significant interactions. However, the only significant betweengroups difference that remained from the prior f-test analyses was for the left frontal area, slice 2 (p = .01). The other two brain areas (right frontaJ area, slice 2, and right hemispheric area, slice 1) were put into the realm of borderline p values (see table 4).
Cranial area size. The two diagnostic groups did not differ with respect to either the occipitalfrontal circumference or to the total area encompassed by the marrow line of the diploic space (see table 5 ).
Cranial/body size ratio (see table 5 ). There was a slight tendency for schizophrenic patients to be shorter in stature than normal controls (p = .091) and to have a greater occipital-frontal circumference/height ratio than normal controls (p = .088). There were no differences in body weight.
Relationship of Brain Measurements to Validating Variables.
Spearman's coefficient, rho (r), was computed for each validating variable versus brain area measurements.
Educational level. The highest .0458 correlations were found between educational level and the size of the left frontal area, slice 2 (schizophrenic patients: r = .191; normal controls: r = .321; diagnostic groups together: r = .435). Only the last correlation was significant (p = .003). When other .0894
brain areas were compared with educational level in diagnostic groups separately, the correlations were small, hovering around zero and carrying either a positive or negative sign. Collapsing of the diagnostic groups resulted in an increase in the size of fs to .111-.243. Sex. Males had larger brain areas than females. Hemispheric size correlated somewhat more highly with sex than did frontal size. The occipital-frontal circumference was larger in males than in females (schizophrenic patients: r = .487; normal controls: r = .776) as was the area encompassed by the marrow line of the diploic space (schizophrenic patients: r = .427; normal controls: r = .461).
Neurological findings and psychological/neuropsychological test scores. Spearman's r was computed to compare each brain area measurement with verbal IQ from the WAIS (VIQ), the Aphasia Screen score from the HalsteadReitan battery, and a combined neurological examination score plus Halstead-Reitan brain impairment score (see table 6 for Ks and their significance levels).
Those subjects with the larger hemispheric areas performed better on the Halstead-Reitan Brain Impairment Index and the Scored Neurological Examination than subjects with smaller brain areas. This relationship was somewhat stronger in the normal controls than the schizophrenic patients.
The aphasia score, especially in the schizophrenic group, was related to brain size. Those subjects with larger hemispheres and larger frontal areas (both right and left) were likely to have better language scores. The VIQ was related significantly and positively only to frontal area size in slice 2 and only in the schizophrenic group. 2. However, because the diagnostic groups were not matched for education, an ANOVA was used to determine the effect of more years of education in the normal versus the schizophrenic subjects on the brain size differentials. All between-groups significance levels were reduced, leaving only the left frontal area at the level of the widest part of the lateral ventricles smaller in schizophrenic subjects than in normal controls.
3. Education level was related significantly and positively to the size of the left frontal area in slice 2 when schizophrenic and normal groups were analyzed together.
4. Left frontal areas were generally larger than right frontal areas in both diagnostic groups. The right hemisphere was significantly larger than the left hemisphere only in the schizophrenic group and only at the level of the foramina of Monro.
5. Cranial size and cranial/body size ratio did not differentiate schizophrenic from normal subjects.
6. In comparison to females, males had larger brain and cranial areas.
7. In general and in both diagnostic groups, subjects with larger brain areas performed better on tests of verbal and cognitive competence and had fewer signs from the neurological examination.
8. Brain area measurements were not significantly related to severity of illness as measured by a global rating scale or numbers of positive or negative symptoms or to the following validating variables: sensory errors, lifetime neuroleptic dosage, ventricular-VOL 14, NO 1. 1988 29 .057
.007
.046
Note: Displayed are the effects of years of education on significance levels for differences in brain size between schizophrenic and normal diagnostic groups. The ANOVA test resulted in a significant difference only In the case of the left frontal area, slice 2, while t tests resulted in significant differences also for the right frontal area, slice 2, and the right hemisphere area, slice 1 brain ratio from CT, length of illness, chronological age, and age of onset. 9. It was not possible to achieve interrater instrumental reliability for Tl measurements, none of which were related to any validating variable.
Comment
One major conclusion that seems reasonable to make from this study is that schizophrenic patients, as a group, in comparison to age-and sex-matched normal subjects have smaller frontal areas at the level of the widest part of the lateral ventricles when the measurements are taken from transverse MRI brain slices. Caution must be used in attributing small frontal size to all or most schizophrenic patients because there was much overlap in values between the groups. Such small differences emphasize the need for sensitive and precise measuring techniques. The right frontal area was larger than the left for both schizophrenic and normal groups, indicating a normal frontal asymmetry.
While there have been several reports (Van Valen 1974) of a positive relationship between skull size and years of education, this study is the first to our knowledge to find that brain size, directly measured, is also positively related to years of education, especially for the frontal area at the widest part of the lateral ventricles. If this finding can be repeated, then we may conclude that this brain area is highly important to the development of cognitive skills. Brain size correlations with educational level were strongest when both diagnostic groups were analyzed together rather than separately because there was little spread in years of education in the individual gToups. Schizophrenic patients' years of education were heavily concentrated at the high school graduate level, while normal controls were generally at the college graduate and postgraduate levels. Combining schizophrenic and normal groups had the effect of increasing the range of educational levels and thus allowed the emergence of the relationship between a larger brain and higher educational levels. One of the most important lessons to be learned from this study is that years of education must be controlled in all research on human subjects where brain size is the dependent variable by appropriate matching of the diagnostic groups or by statistical methods. Our results agTee in some respects with the findings of Andreasen et al. (1986) in which the size of the frontal areas and of the cerebrum were measured from midline sagittal and to a lesser extent from coronal views. Like us, they also found some relationship between cerebral size and neuropsychological tests, but contrary to our findings, not with respect to frontal size. Our findings differ most prominently from theirs in the cranial size measurements. They found that schizophrenic patients, especially the males, had a reduced cranial size, while we found no significant differences between schizophrenic and normal groups. Also, the cranial size of our schizophrenic patients corresponded well with a pooled normative mean derived by Weaver and Christian (1980) from a population of adult subjects living in Indiana. Only four of our schizophrenic patients (compared to one normal control) had an occipital-frontal circumference that was more than 2 SD below this mean. Andreasen et al. (1986) interpret their findings of both reduced cranial and cerebral size to indicate that schizophrenic patients "may have had some type of early developmental abnormality that led to impaired capacity of the brain to grow" due to a "variety of factors. . .during the first year of life" (pp. 142-143). In contrast, our results suggest that if an insult to the brain did take place, it probably occurred after growth of the skull was complete or nearly complete at about 17 to 18 years in most of our sample. If the latter result is true, then there should be a greater amount of cerebrospinal fluid or thicker meninges to take up the extra space within the cranium. An intensity analysis of the raw electronic data should help answer this question.
Some limitations to the technique of the study should be enumerated. The study was designed mainly to measure Tl, and the sampling of the brain might have been insufficient to obtain the most accurate estimate of brain size. To get the best estimates of brain size, a volumetric technique allowing a series of slices encompassing the whole brain would have been preferable. However, no estimate of Tl could have been made from volumetric scanning, and scan time would have been prolonged unduly to add that method to the procedure. Because we had only one slice where the anterior rami of the Sylvian fissure were evident, we could not know which ramus was used in some cases as an anatomical landmark for one aspect of the frontal area boundary.
The failure to find adequate measurement reliability for Tl was disappointing but may have been due to partial voluming (an instance in which a pool of cerebrospinal fluid underlies what apparently is solid tissue within the cursor) or to problems in calculations as set forth in the OT1 package or to electrical interference, as well as unknown factors. There was one change in the computer program for calculations of the OT1 image. However, subjects were entered into the study generally in pairs from each diagnostic group, and such variations should have been equally distributed between the groups.
The fact that brain size as we measured it was related to several cognitive measures and to neurological findings lends some credibility to the idea that brain size may be related also to the pathological process of schizophrenia, at least in some individuals. Certainly, variations in brain size, both focal and general, in schizophrenia are worthy of continuing investigation.
MRI estimation of brain size is as yet a barely explored technique, and other projects are needed to delineate the pitfalls and proper methods of measurement. Yet to be studied are T2 weighted and volumetric images, which we are doing using a Picker 1.5 Tesla imager with instruments for outlining brain areas directly from the viewing console. This new procedure will eliminate the intermediate steps of photography and planimeter measurement, and thus reduce chances for measurement error. Digital processing of the electronic data is also planned, which should allow accurate estimates of variations from normal in amount of cerebrospinal fluid and gray and white matter within the brains of schizophrenic patients.
Similarities, Digit Span, and Vocabulary); and Performance subtests (Digit Symbol, Picture Completion, Block Design, Picture Arrangement, and Object Assembly). We administered and scored it in the standard manner. (Raczkowski et al. 1974 ) consists of 23 items for which the subject must indicate whether he would usually use his right, left, or both sides of the body. While most items test handedness, some questions tap foot, shoulder, and arm preference. The number of items answered "right," "left," and "both" is counted. 
Laterality Questionnaire
Schizophrenia: Questions and Answers
